The biggest Phanerozoic mass extinctionoccurred at the Permian-Triassicboundary and resulted in the loss of about 95% or more of all marine species. For quite some time, many kinds of abnormal environmental events were adopted to explain the abnormal reduction of carbon isotope at the Permian-Triassic boundary, however there still has not been a unified opinion. In this paper, based on the carbon cycle balance model of the earth under a long-period scale, the contributions of possible cataclysm events at the Permian-Triassic boundary to the carbon isotope records in carbonates were quantitatively simulated. The results proved that a single event, such as volcanism, terrestrial ecosystem collapse or another factor, was not strong enough to lead to the negative bias of carbon isotope at the Permian-Triassic boundary. Even though the release of methane hydrate can result in a comparably large negative excursion of inorganic carbon, this explanation becomes unsuitable when both the shifting Permian-Triassic boundary and the fluctuation record of other inorganic carbon isotopes in the early Triassic as a whole are considered. Therefore, it is suggested that the dynamic equilibrium between inorganic carbon reserves and organic carbon reserves was possibly disturbed by a superimposed effect of multiple events.
Introduction
From the Cambrian to modern times, the δ 13 C value of carbonate rocksmostly varies between -2% and 6% [1] . However, in some comparably short geological timescales, major turning points of carbonate carbon isotopes took place, corresponding to critical stages of biological evolution and environmental change. At the end of the Permian, the most serious extinction event ever since there was life on earth occurred, which led to the complete disappearance of about 95% of species in the ocean. At the Permian-Triassic boundary, a significant and fast negative shift (<200 kyr) of the carbon isotope took place, during which the inorganic carbon isotope decreased from +3~+5% to -1% with a mutation extent of 4% ~6% . This abnormal carbon isotope event has been discovered in many areas, such as the Shangsi and Zhongliang mountain sections in Sichuan [2, 3] , the Meishan section in Zhejiang [4] , the Great Bank section in Nanpanjiang Basin of Guizhou [5] , the South Alps [6] , rock cores in the Carnic Alps of Austria [7] , and elsewhere. Thus, it is indicated that this carbon isotope negative shift was a global event.
The abnormal fluctuation of the carbon isotope, as one of the most important ecological changes at the PermianTriassic boundary, has drawn extensive attention. This isotopic event is recorded worldwide and documents a change in the global carbon cycle [5] . It is also used as a complimentary marker for stratigraphic boundary delineation and comparisons [2] [3] [4] [5] [6] [7] . However, geologists still have not reached a unified opinion about the inducement of this important carbon isotope change event.To sum up, the following possibilities have been proposed as causes for the documented changed in carbon isotope values: the oxidation of organic matter caused by a massive regression [8, 9] , a volcanic eruption (Siberian trap events) [10] [11] [12] [13] [14] , an overturn event of oxygen-poor seawater [15] , and the release of methane [16] . All of these geological events broke the original operation mechanism of the global carbon cycle and left traces of the carbon isotope in deposited carbonates.
It is worth mentioning that, among all these proposed causes of the carbon isotope excursion, some have acquired enough geological evidence while others remain controversial. Moreover, there still has not been a unified conclusion of which one is the dominant factor that caused the global carbon isotope negative anomaly event in the late Permian. Although all of these phenomena can ex-plain the variation tendency of the global carbon isotope at the Permian-Triassic boundary, there is still no mathematical proof of the influence strength. Hence, based on the exogenous global carbon cycle model GEOCARB described below, this paper quantitatively simulated the relationship between the variation of carbonate carbon isotope record at the Permian-Triassic boundary and possible cataclysm events.This was done in order to discuss the environmental change and related biological processes behind the abnormal evolution of the carbon isotope, and to seek more information about the great extinction of species.
Description of GEOCARB
Previous studies demonstrated that the carbon isotope keeps a mass balance during the global isotope cycling process [17] [18] [19] [20] . Berner and Kothavala [21] established a global steady carbon cycle model (GEOCARB) in the scale of a million years via evaluating long-term carbon cycling. The most basic principle of this model is the following two equations:
(1)
Where, F is the flux of carbon; δ is δ 13 C (% ); W stands for weathering; B stands for burial; M refers to earth internal actions (volcanism, metamorphism and rock-forming); carb represents carbonate; org stands for organic matter; and αBoc is the isotope composition difference between organic matter and carbonate during burying. The left sides of the equations refer to the rate of releasing carbon to the earth surface system (Equation 1) and the composition of carbon isotope (Equation 2). The primary terms on the left side are the carbon released from carbonate and organic matter during weathering, and the carbon thermally decomposed during earth's endogenous actions. δcarb and δorg are the carbon isotope compositions of carbonate and organic matter after experiencing weathering and endogenous actions.
According to the GEOCARB model, under long-term stable conditions, the flux and carbon isotope of the input carbon and the output carbon maintain equilibrium. According to the description and data provided by Kump and Arthur [22] , the global steady carbon cycle model in the scale of million years is summarized in Fig. 1 , which demonstrates the fluxes and isotope compositions of carbon inputting and outputting via various ways into the atmosphere-ocean system. The carbon input into the atmosphere-ocean system from various geological events is considered as the carbon source in Fig. 1 . These geological events contain carbon released through volcanism and metamorphism (mantle-derived CO 2 ), carbon released from the oxidation of reduction carbon buried in ancient strata during tectonic uplift, and carbon dissolved from carbonate rocks and silicate rocks during weathering and brought by rivers into the ocean. At the same time, carbonate and organic matter leave the atmosphere-ocean system in the form of sediment burial, which is considered a carbon sink. During the evolution of the carbon cycle system, any sudden event will affect the carbon isotope composition and be recorded. Different events leave different traces on the carbon isotope record. Hence, the flux and isotope composition of carbon in each carbon reserve should be inspected to analyze the cause of the carbon isotope composition variation at the Permian-Triassic boundary.
Figure 1:
The global long-term carbon cycle diagram, demonstrating the reservoirs (R), flux(F) and isotope composition of carbon, which can reasonably stand the average values in the Phanerozoic, modified after Kump and Arthur [22] .
As displayed in Fig. 1 
GEOCARB quantitative simulation method
The carbon isotope fractionation effect involved in the carbon cycle process is displayed in Fig. 2 and summarized as follows:
1)The carbon isotope fractionation effect caused by biological carbon sequestration processes is the most significant, while the carbon isotope fractionation between living bodies and the sedimentation of organic matter is very limited (around 1% ). The combined carbon fractionation of these two processes is 29% .
2)The oxidation of original organic carbon and the weathering dissolution of inorganic carbon leads to a very small carbon isotope fractionation. It is usually recognized that the carbon input into the ocean has the same carbon isotope composition with the carbon before oxidation and weathering, i.e., -22% and 0% , respectively. 3)During the sedimentation of carbonate minerals, the fractionation effect between watersoluble (heavy) carbonate ions (CO 3 2− /HCO 3 − ) and CaCO3
is not significant, with a value of 1~2% [23] . 4)The fractionation factor (mainly contributed by the ionization process) between CO 2 gas and water-soluble (heavy) carbonate ions (CO 3 2− /HCO 3 − ) in seawater is the function of temperature, i.e., it decreases with an increase in temperature. At 0 ∘ C, the deviation caused by fractionation is 11.2% , while it comes to 8.6% [24] when the temperature rises to 300 ∘ C. Considering the relatively high environmental temperature in the early Triassic [25] , the fractionation factor of this process is set as 7% .
Since the carbon exchange among the three carbon reservoirs (biological carbon reservoir, atmospheric carbon reservoir, and ocean carbon reservoir) of the exogenous carbon cycle system as displayed in Fig. 1 took place within 2000 years, it can be assumed that the carbon quantity and carbon isotope composition of all three carbon reservoirs are uniform, and the carbon exchange between them remains steady. Thus, the exogenous carbon cycle system can be considered as an integral whole [26] , and the carbon isotope (δ Ex ) changes with time (t) by following:
Where, F In , F Out , δ In , and δ Ex are the fluxes and car- bon isotope values of carbon input into and output from the atmosphere-ocean system (δ stands for δ 13 C, hereafter the same), M Ex is the total carbon reserve in the exogenous carbon cycle system. Under the equilibrium state, the fluxes and isotope compositions of both the carbon source and carbon sink should be the same, that is, dδ Ex /dt=0; F In =F Out ; δ In =δ Out . By substituting items involved in the GEOCARB model into Equation 3, the result is:
Meanwhile, under non-equilibrium conditions, animbalance occurs between the carbon input into and output from the system by various geological and biological events contained in the GEOCARB model. Thus, the variation of total carbon quantity (M Ex ) and carbon isotope in the exogenous carbon cycle system in the geological time scale (t) can be expressed as:
Where the carbon flux belonging to the mantle-derived carbon source is F M , and its carbon isotope composition is expressed as δ M . In addition, this equation contains the weathering process of inorganic carbon including silicate, by combining it with the weathering of carbonate. Hence, some parameters can be set, and the variation of carbon isotope can be evaluated according to the carbon flux and isotope composition of each carbon reserve.
Parameter setting
1) Based on studies of Milankovitch cycles and sedimentation rates, the duration of the negative excursion at the Permian-Triassic boundary is estimated to be 500,000 years [27] [28] [29] [30] . 2)Time intervals of the other excursion events can be acquired via the strata thickness projection age method, based on the strata thickness in Fig. 6 -5 and strata ages of key lines.
3) The δ 13 Cvalue atthe end of the Permian is set as 4% , which is the mid-value of the carbon isotope in the upper Permian part of the comprehensive carbon isotope curve [5] . 4) According to a reasonable estimated value of the stable atmospheric PCO 2 provided by Berner and Kothavala [21] based on GEOCARB, the initial PCO 2 is set as 1500ppmv here. 5) The carbon isotope ratios of both inorganic carbon and organic carbon are changing in parallel in the marine carbonate sedimentary strata across the Permian-Triassic boundary interval [31] . Hence, it is assumed that the isotope composition difference is a constant value between organic matter and carbonate during burying in this study. 6) We also assume that abnormal geological events occur instantaneously and events that may reduce the isotope influencing effect are ignored. For example, during a volcanic eruption, the release of CO 2 is considered, but the increase of carbonate rock dissolution and the improvement of carbonate compensation depth are neglected. 7) The carbon exchange between different carbon reserves takes place instantaneously, thus, the carbon isotope in the exogenous carbon cycle system changes in a similar way to that of the seawater carbon isotope. 8) As for geological time, climatic variations and tectonic events almost take place instantaneously. Hence, the intrinsic occurrence time of these events was not taken into account, and only the prolonged period of these events is changing the ancient environment.
Simulation results and analysis
If the seawater carbon isotope fluctuation around the Permian-Triassic boundary can be considered as a response to a certain extreme environmental event, the possible contribution of this event to the carbon isotope variation can be simulated by using the carbon cycle model constructed above.
Volcanic activity
The Permian-Triassic is a period with active volcanism, among which, the Siberian trap event is the strongest and largest in aerial extent. This event is widely recognized as the major cause of the negative excursion of carbon isotope at the Permian-Triassic boundary [10] [11] [12] 27 ]. (Fig. 3b) . Even if the major eruption concentrates within a very short period, by assuming that 90% of carbon is released within 30 kyr (Fig. 4a) , its contribution to the negative excursion of carbonate δ 13 C is just 2.32% and 1.19% , corresponding to the simulated maximum and minimum values, respectively (Fig. 4b) .
In the lower Triassic marine carbonate successions we investigated, there are several layers of volcanogenic tuff. Thus, this indicates that volcanic activities were very frequent in the entirety of the early Triassic. However, the strength of these volcanic activities are far weaker than that of the Siberian volcanoes, and their direct contribu- tions to the reduction of inorganic δ 13 C are likely smaller.
So, these volcanic events alone are not enough to lead to the multiple reduction amplitudes of carbon isotope in the early Triassic. One thing that should be noted is that volcanic activity causes a series of other secondary environmental changes. For example, the tectonic movement caused by volcanic activity allows original organic carbon to be exposed and weathered. Moreover, the release of CO 2 and the warming effect this causes leads to the discharging of natural gas hydrate during a volcanic eruption. Hence, the comprehensive effects of these events should be considered integrally.
Release of methane hydrate (RMH)
Previous scholars have mentioned the release of methane hydrate at the Permian-Triassic boundary, and interpreted the negative excursion of δ 13 C in this period based on this event [16] . The release of methane hydrate causes the negative excursion of inorganic δ 13 C due to the very low δ 13 C value of biogenic methane. According to Alexei and Milkov [32] , the carbon isotope composition of methane in hydrates lies between -74.7% and -41.9% . When this methane is released from undersea hydrates, a huge amount of CO 2 , which is extremely enriched in light carbon enters the atmospheric-ocean system. The volume of undersea material capable of storing natural gas hydrates is estimated to be 1×10 6~6 ×10 6 km 3 .
As an average, only 1-10% of the total volume of material contains natural gas hydrates at present. Thus, it can be calculated that there is about 1000~22000 Gt (Gt = 10 15 g) of carbon stored in these natural gas hydrates(see the detailed demonstration of approximation in reference [33] ). When this part of methane is released and enters the exogenous cycle system, it will be oxidized into CO 2 extremely enriched in light carbon [34] . During the simulation, the process of the methane getting oxidized into CO 2 is instantaneous (Reaction 1):
Therefore, this event can lead to the reduction of carbon isotope in exogenous carbonreserves very quickly. During the simulation, the carbon isotope composition of CH 4 in natural gas hydrates is set as -60% . If 50% of the current reserve volume releases into free CH 4 within 300 kyr and 100% of free CH 4 entering surface seawater and air gets oxidized instantly, the average flux entering the exogenous carbon cycle system should be 0.21~4.58×10 15 mol C/kyr.
According to the simulation results, if a half of the maximum current natural gas hydrate reserve is released within 100~500 kyr, the δ 13 C value reduces 12% ~2.4% (Fig. 5) . In these results, the maximum value is higher than the maximum drop of carbon isotope previously reported in the early Triassic (about 10% ). For a reduction of 6% within 300 kyr, 1780 Gt carbon is required, which is very close to the upper limit of the current natural gas hydrate reserve but still lies in the reasonable region. Hence, the release of methane hydrate is a convincing explanation for the negative excursion of a single carbon isotope.
It is widely recognized that the release of methane is one of the major causes for the reduction of carbon isotope during the Paleocene-Eocene Thermal Maximum event (PETM) [26] . However, more than 10000 Gt carbon releasing from CH 4 is required for the reduction of 10% Figure 5 : Simulation of inorganic carbon isotope fluctuation caused by the release of methane (CH 4 ) in natural gas hydrates versus duration time, the pecked line stands for the upper limit of total release amount, the dotted line refers to the lower limit of total release amount, and the vertical coordinate denotes the introduced inorganic carbon isotope variation amount.
within 100 kyr, which is several times higher than the carbon amount estimated to explain the carbon isotope reduction of PETM within 300 kyr [26] . Different from the Paleocene-Eocene Thermal Maximum, the carbon isotope fluctuation within much longer time periods occurred after the negative excursion of δ 13 C at the Permian-Triassic boundary. Assuming that the sedimentation rate is constant, it is still difficult to explain the significantly negative excursion within periods longer than 300 kyr. This is because the increase of duration of isotope excursion will lead to the increase of methane released during the same excursion. As displayed in Fig. 5 , 11000 Gt methane released within 300 kyr only has an influence of -4% on δ 13 C, which is even smaller if given the longer releasing duration time. Moreover, the frequent reduction and increase of δ 13 C in the early Triassic requires the interactive storage and release of methane hydrates. At the same time, methane hydrates in sediments are the biogenic methane library, which is vividly compared to the condenser of the carbon cycle by Dickens [26] . According to this opinion, the methane hydrate must experience recharging before it isable to discharge again. The charging process takes place during methanogenesis, which proceeds very slowly [35] and limits the fast supply to the methane hydrate reserving layer. Hence, the δ 13 C record of the whole early Triassic cannot be explained by the methane driving theory. Moreover, compared to volcanic activities, the assumptions of methane hydrate release still demand necessary sedimentation evidence.
Variation of organic carbon burial rate (ffig)
The carbon isotope composition of marine carbonate reveals the dynamic equilibrium between marine carbonate storage and organic carbon burial. Hence, unless sudden geological events take place, the massive variation of the burial rates of organic carbon and inorganic carbon is also a possible explanation of the positive/negative excursion of the carbon isotope. The carbon isotope composition of biological carbon reserves is comparably light, the sudden burial of which unavoidably leads to the decrease of light carbon in the whole exogenous carbon cycle system and the carbon isotope composition experiences positive excursion. At the Permian-Triassic boundary, the ecosystem encountered paroxysmal cataclysm events. The massive extinction of terrestrial vegetation [36] reduced the stability of soil, thus, leading to the decaying of plants and weathering of soil. All these factors result in light CO 2 being quickly released into the atmosphere and the value of δ 13 C decreasing [37] .
Both the ocean and land are primary preservation systems of organic carbon. The late Paleozoic era is a largescale coal forming period in the Phanerozoiceon and also the period with the highest organic carbon burial rate [38] . Geological events, including coal-forming interruption in the early Triassic, indicate that the collapse of productivity leads to the massive shrinkage of the organic matter storage system. Accordingly, the oxidation amount of organic carbon increases while the burial flux reduces significantly. Berner [39] reported that the organic carbon burial flux in the late Paleozoic era, which was higher than the current value, rapidly decreased to that at the PermianTriassic boundary, which was far lower than the current value (Fig. 6) . Hence, in this study, symbol 'f' is used to denote the percentage of carbon flux of organic carbon sink F borg to the whole flux of carbon sink F out . ∆ B is adopted to represent the deviation between the carbon isotope of sedimentary organic carbon and the carbon isotope of sedimentary inorganic carbon, i.e.: According to the above discussion, the relationship between the organic carbon burial fraction and the corresponding carbon isotope variation can be obtained. Available studies have proved that the organic carbon burial flux of terrestrial ecosystem is equal to that of the marine ecosystem [40] . Hence, during the simulation, the organic carbon burial amount of the terrestrial ecosystemwas initially set as 50% of the whole organic carbon burial amount. The initial value of forg is set as 0.2 according to Fig.1 while that of ∆ B is set as 30% . The results proved that if other conditions are maintained, a 10% reduction of the organic carbon burial fraction will lead to 1.95% reduction of δ 13 C value. Therefore, an individual terrestrial ecosystem crisis is not likely to cause the δ 13 C negative excursion record found at the Permian-Triassic boundary. However, the collapse of the terrestrial ecosystem will lead to the exposure and weathering of buried organic carbon. The total carbon amount of all terrestrial vegetation and soil is around 2000 Gt, which can produce a δ 13 C negative shift of 1.2% . Hence, this part should be taken into consideration when discussing the influence of the terrestrial ecosystem crisis on the inorganic carbon isotope. Also, the variation of marine carbonate δ 13 C isotope is related to not only the dynamic balance between organic carbon and inorganic carbon, but also to the total amount of dissolved inorganic carbon (DIC) in the ocean reservoir. The greater the total carbon amount, the stronger the buffer ability of ocean will be. This difference of buffer stability can be found in the simulated result (Fig. 7) . Since the salinity of carbonate in the early Triassic is relatively high, the resistance of the early Triassic to the carbon cycle variation is supposed to be strong, considering from the aspect of seawater itself. This also reveals that the intense degree of carbon cycle fluctuation is much more substantial than we have observed.
If the variation of organic carbon burial fraction is the major cause of the massive fluctuation of δ 13 C in the early Triassic, very high organic carbon storage and very low organic carbon storage appear alternately for many cycles in the early Triassic, especially since the variation of forg between 0.1 and 0.3 only generates a δ 13 C excursion of about 3.8% (Fig. 7) .It should be noted that the repetitive shift features of the early Triassic isotope record are very similar to those of the Neoproterozoic and Cambrian, revealing that they may have a similar driving mechanism. Scholars have proposed an assumption to explain the ultra-high δ 13 C value in that time. That is, under the anoxic conditions of tropical river deltas, the increase of phosphate circulation inputs more nutrients and leads to an increase in the rate of organic carbon burial [41] . If this assumption is reasonable, the conditions in the early Triassic arelikely to be the same. Therefore, the alternative variation between the oxidizing condition and the anoxic condition is possible to have existed in the Tethys area and results in the significant variation of organic carbon burial rate. The relationship between the carbon isotope variation and organic carbon burial fraction f under the conditions with different sized ocean DIC reservoirs (numbers inlegend represent the ratio multiplied by the amount of ocean DIC reservoir shown in Fig. 1 ).
Variation of primary productivity in the ocean surface
Some researchers have attributed the negative excursion of organic carbon isotope at the Permian-Triassic boundary to the variation of primary productivity at the sea surface e.g., [42, 43] , since sea surface bionts preferentially utilize light carbon during photosynthesis. If these bionts disappear and the primary productivity is reduced, this part of light carbon will enter into the ocean and lead to the reduction of inorganic and organic carbon isotope composition in undersea sediments. Regarding this mechanism, the extinction or prosperity of primary productivity has a great influence on carbon isotope ratios. However, whether the massive extinction event in the late Permian led to an increase or decrease of ocean primary productivity remains controversial. Some scholars suggest that the productivity of the ocean surface decreased dramatically after the mass extinction [44, 45] . Meanwhile, other researchers declared that the inundation of autotropic microorganisms which is represented by cyanobacteria made significant contributions to the primary productivity of the ocean. Specifically, the primary productivity of the ocean surface at the Permian-Triassic boundary did not reduce significantly with the disappearance of macro and a part of the micro palaeobios [46] [47] [48] ; it may have even experienced an improvement in primary productivity [49] . Also, the matching relationship between the starting points of biological extinction and the carbon isotope fluctuation is still not clear. One thing that can be confirmed is that, if the inorganic δ 13 C value experienced a negative excursion before the massive extinction, this part of the negative shift has nothing to do with the reduction of ocean primary productivity. According to the latest research results mentioned above, the authors believe that the massive extinction does not necessarily lead to the significant reduction of ocean primary productivity, i.e., it is not strong enough to cause the negative excursion of inorganic carbon isotope at the Permian-Triassic boundary. However, as a mechanism that disturbs the original carbon cycle system, it provides a possible explanation for the repetitive occurrence of high δ 13 C values in the early Triassic. Moreover, recent work has demonstrated that terrigenous weathering transports a large amount of phosphate into the ocean, resulting in the spread of microorganisms, [46, 50, 51] . The increase of phosphate concentration leads to the improvement of ocean surface primary productivity and thereby accelerates the burial rate of organic carbon.
Discussion
To sum up, this work suggests that individual events (volcanic activity, the collapse of terrestrial ecosystem, etc.) are not strong enough to cause the negative carbon isotope excursion at the Permian-Triassic boundary. The causal relationships between events reflect the possible existence of superimposed influences on the δ 13 C value of marine carbonate. For example, volcanic activity produces massive amounts of CO 2 , which accelerates the oxidation of organic matter, while the collapse of the terrestrial ecosystem synchronously affects the weathering degree and burial amount of original organic carbon. From this perspective, all of these events are still possible important causes of the carbon isotope negative excursion. The repetitive and substantial fluctuation of carbon isotope in the early Triassic can be possibly attributed to the disturbed dynamic balance between inorganic carbon reserves and organic carbon reserves. The extinction of ocean marine organisms may not lead to the reduction of primary productivity. Thus, the reduction of organic carbon reserve at the boundary line is mainly caused by the collapse of the terrestrial ecosystem. The repetitive occurrence of a δ 13 C positive shift in the early Triassic is supposed to be relatedto the increase of primary productivity and organic carbon burial amount caused by flourishing microorganisms. The massive biological extinction at the PermianTriassic boundary is marked by the vast disappearance of marine epigenetic organisms (macroorganisms and a few microorganisms). Many researchers declared that the negative carbon isotope excursion at the Permian-Triassic boundary was mainly caused by the massive biological extinction. However, there still has not been a conclusion about the relationship between the starting point of biological extinction and the beginning of the carbon isotope fluctuation. Even successive work can prove that the minimum value of carbon isotope around the boundary line occurs below the main extinctionline; it still cannot be proved whether the rapid disappearance of macroorganisms would lead to the reduction of primary productivity and a negative carbon isotope excursion. For example, the massive biological extinction in the later Devonian corresponds to the sedimentation of black shale and the positive shift of carbon isotope [52, 53] . Hence, we are more likely to consider abnormal environmental events as the major cause of the negative carbon isotope excursion. The repetitive occurrence of a positive inorganic carbon isotope excursion in the Tethys area possibly indicates the further improvement of productivity after the mass extinction at the Permian-Triassic boundary. This is related to the significant increase of phosphate transport flux [22] and is in agreement with the stratified/anoxia ocean. It is also indicated that when these abnormal environmental events end or weaken, the recovery of organisms has already begun. If many new species only appear in the late Early Triassic epoch or the early Middle Triassic epoch, the increase of biological productivity may originate from the recovery of survival bionts instead of the origination of new species. If successive work can prove that the isotope variation in the early Triassic epoch is global, then the black shale frequently appearing in Triassic ocean sediments is very likely an important carbon sink [54] .
Conclusions
The influences of related geological events on the carbon cycle process at the transient stage between the Permian and Triassic were quantitatively simulated based on the GEOCARB model. The results proved that individual events (such as volcanic activities, the collapse of terrestrial ecosystem and others) are not strong enough to cause the negative excursion of carbon isotope in the early Triassic. Instead, the superimposed effect of multiple events possibly exists. Even the release of methane hydrate can lead to the negative shift of inorganic carbon, but it is unable to result in the repetitive and substantial fluctuations of carbon isotope in the whole early Triassic. These fluctuations can be attributed to the interrupted balance between inorganic carbon reserves and organic carbon reserves. The extinction of ocean biontsdoes not necessarily cause the decrease of primary productivity. Thus, the reduction of organic carbon reserve at the Permian-Triassic boundary is mainly caused by the collapse of the terrestrial ecosystem. The multiple positive excursions of δ 13 C are likely related to the improvement of primary productivity and the increase of organic carbon burial rate resulting in from the prosperity of microorganisms.
